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THE FACTORS UNDERLYING THE RATIONAL DESIGN OF PAVEMENTS

By

F. N. Hveem*
R, M. Carmeny*

A. Analysis of the Pavement Design Problem,

‘When applied t0 a highway or airport pavement, the terms
"satisfactory" or "adequate™ cover a number of properties or
characteristics. Thus, the satisfactory pavement must be re-
latively smooth, capable of carrying the necessary loads, economi-
cal, skid resistant and sufficiently durable to justify the invest-
ment, It is evident that there is no one simple criterion from
which to judge the performance or adequacy of a pavement.

The attempts on the part of engineers to éxplore the
reasons for various types of pavement failure and the efforts
to control the numerous variables by means of specifications
governing materials and construction, all have led to many pages
of print and much discussion about the effects and influences of
a large number of separate factors. So many aspects and phases
have been discussed in engineering literature that there is need
for clarification and understanding concerning the effect and
relative importance of each of the numerous details.

An endeavor has been made herein to classify the im-
portant variables and to indicate the relationship betwsen the
properties of materials, effects of moisture, construction proce-
dures, traffic and other modifying influences in order to show
wherein each of these factors may affect some desirable property
of the completed pavement. A chart, Figure 1, has been developed
on the principle of subdividing or breaking down each item or
property into the factors which have an influence upon that
particular characteristic., It will be immediately evident that
a number of very diverse elements are herein arranged in juxta-
position and the writer makes no claim that the arrangement is
entirely adequate or consistently logical throughout. Never~

- theless, it should serve in some degree to indicate the part

played by each of the numerous details which when combined are
responsible for the performance of a pavement so far as capacity

to carry loads is concerned. It does not cover pavement disintegra-
tion or instability. This chart is arranged from left to right in
order of increasing subdivision.

First, is the over-all problem involved in the gquestion,
"What type of pavement and base?® and "What is the minimum thieck-
nesg which will be adequate and most economical for a given situa-
tion?" The first step in the analysis or breakdown is indicated
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"1n colimn two whlch contains a statement of the three primary pro-

blems that must be solved to produce a pavement that is structurally
sound. . In other words, the structural design of a pavement does

not involve a single problem but requires a solution to three quite
separate and distinct primary problems, Problem number one (column
two) expresses the idea that an engineer must consider the relative

‘permanency of the initial states of moisture and density in the

soil at the finish of construction and base a design on the ultimate
equilibrium conditiohs of the layers beneath the pavement--loose or
compact-~-wet or dry. \

- Problem number two states the neceesity for establishing condi-
tions which will prevent plastic deformation of the basement soila
This involves the property of soils commonly referred to as bear~

~ ing power or supporting valueu'

Problem number thrae 1nvolves the question of preventing the
cracking and breaking up of the base and surface due to excessive
flexing and bending over resilient foundations. This type of dis-

tress is more or less synonymous with "fatigue" failure.

‘These three primary problems are quite different in their
essential nature and the engineer must employ different expedients
to test the materials and to prevent or counteract unsatisfactory
developments under each of these separate headings.

Column three of the chart is a list of the factors which are
responsible for the variations in quality of the items listed under

- the primary elements,

"'Golemn foﬁr is a further breakdown or dissection of the factors

and properties which make up the items in column two. Similarly,

columns five and six list further subdivisions describlng the
numerous 1nf1uences leadlne up to the principal items in preceding

_columnsa

A'chart of this type serves to clarify the question of mate-
rials testing and should make it quite evident that over-all per-
formance tests can greatly simplify the problem of testing and
evaluating all materials and factors. Briefly, the more nearly
the test can be matched to the items in the left hand columns, the
fewer are the tests which w111 be required.

However limitations in laboratory test methods usuallv require
a shift to the items of more limited scope, Discs and stars indi-
cate the properties of pavement materials or of soils that are sus-
ceptlble to. ‘direct testing or to calculated evaluation.

It therefore, appears that at least ten properties or character-
istics of basement soils, pavements and traffic must be evaluated or

given consideration in order to carry out an intelligent and com-
prehen51ve de31gn procedure.

-
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Structural

Analysis Chart of the Factors Affecting the Adequacy of Pavements
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‘In parts three and four of this paper, procedures will be
suggested for dealing with problems number one and two. A rational
solution for problem three is yet to be worked out, Fortunately,
however, failures under the third primary group are somewhat in
the minority and resilience of the basement soil is probably the
least serious cause for distress compared to the importance of the
other two considerations. It cannot be dismissed however,

It is believed that the chart is otherwise self-explanatory
and while individual engineers may not agree in all respects
with the arrangement and allocation of factors, nevertheless, it
is hoped that it will serve to indicate the reasons for approach
ing the problem in the fashion developed in the following text
and the reasons why certain tests are proposed and perhaps, most
important, should make it clear that the test methods, formulas
and design charts submitted herewith are applicable only to pro-
blems number one and two and are not considered as final or as
capable of completely solving all problems of pavement design.

A study of the chart, Figure 1, indicates that there are
a number of items or subjects which could logically be taken up
for further discussion; for example, the test equipment required
or the effects of the numerous variables., However, inasmuch as
the principal matter under consideration 1s the nature and be-
havior of s0il and the ability to support loads, it seems most
appropriate to next consider the nature and characteristics of
the soil materials in order to discover what properties must be
determined by test. -

B. Behavior patterns developed in masses of granular materials
under load,

For a very long time engineers have been faced with the
problem of utilizing soils and granular materials in engineering
works. It is only stating the obvious to say that soils and vari-
ous combinations of rock, sand and gravel are the oldest of
engineering materials. It does, however, seem a little strange
that such a commonplace substance could be the cause for so much
discussion and even argument, For example, after years of road
building and volumes of theoretical studies there still seems to
be much difference of opinion concerning the fundamental principles
and the methods to be used in computing the ability of soils %o
support highway and airport pavements under heavy wheel loads.
This, of course, does not mean that all past construction has been
inadequate., Many successful pavement and base combinations have
been built as it is always possible to add increased thickness and
strength to cover any uncertainties in the design concept. Thus,
by the time-honored process of making it "hell-for stout", most
installations can be made to stand up. However, extravagant
over-design is not engineering.

3=
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The materials of the earth's crust which, for engineering
purposes, are often described under the single heading of "soil",
present many aspects. Having been utilized by mankind for an
infinite variety of purposes, the knowledge of soils and related
materials has been developed individually and variously by those
interested in geology, mining, agriculture and in the ceramic
arts, as well as by those concerned only with engineering works,
Engineers have borrowed from the studies of the agricultural
experts much of the terminology and certain of the test methods,
It is also evident that the technology of clays and molding sands
can be studied with profit.

1t is probable that military engineers were concerned with
the stability of earth works as far back as were the civil engineers
and one of the oldest formulas expressing the limit of equilibrium
for a soil mass was derived by a military engineer, Charles Augustin
Coulomb, who lived between the dates of 1736 and 1806. Coulomb was
concerned with the stability of embankments supported by brick
retaining walls and his well known equation states that the resis-
tance of a soil mass to sliding on a given plane is equal to

S

Ii

C + py tan @

c Cbhesion

Ph = Pressure normal to the sliding
plane

7

- Since Coulomb's time, a great deal of the theoretical work
on s0ils mechanics has leaned heavily upon the mathematical approach,
The problem seems to have a special appeal to those who are able %o
handle complicated mathematical relations with ease and facilitys
This mathematical approach to the problem is commonly referred to
as a "fundamental approach™ but by the nature of the process certain
assumptions must be made; therefore, it is customary in a mathemati-
cal analysis of soil behavior under load to regard soil as an
idealized uniform substance which has been described as "elastically

Angle of friction

isotropic and monotonously homogenous".

One of the early mathematicians appeared to recognize that there
might be some discrepancy between this ideal hypothetical substance
and actual soil, J. J, Sylvester, (1), a contemporary of Rankine,
served notice in the opening paragraphs of his presentation that he
wished it to be understood that he was dealing with Ymathematical
soil" and not real soil.

()
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. ' The: average highway engineer who must build a road cannot

: ordinarily accomplish much If he must find "ideal soil" for his
embankments and foundations. Unfortunately, most real soils are
not monotonously uniform and the degree of compaction and the
moisture content are variable, Vehicle load applications are
fleeting and transient and there is a discrepancy between the
conditions assumed in most theoretical analyses and the actual
conditions which commonly exist in granular bases or in the
underlying soils of highway and airport projects.

In contrast to the approach which stresses the importance
of "fundamentals', there is the alternate procedure which involves
the experimental method which, to be successful, requires close
observation of the actual behavior of materials under the condi-
tions of service then the development of a theory that will em-
brace and explain all .of the known facts and finally laboratory
tests must be devised which will subject the materials to stress
conditions similar to those in the prototype and thus make it
possible to assign numerical values to the significant properties.
This process represents a combination of empirical data analyzed
in the light of known laws governing the behavior of matter and
involves both theoretical concepts and direct observation. How-
ever, there are those who feel that in order to be "respectable
any theory or analysis must be sanctified by proper mathematical
treatment, -

One of the most difficult hurdles to be surmounted in the
presentation of a viewpoint is the choice of language and term-
inology for the accurate conveyance of ideas or concepts. It
is a common experience to find that heated arguments and apparently
irreconcilable differences of opinion can be composed once there is
an agreement on terminology and the meaning of words, Therefore,
the following explanations are included as an essential step in
setting forth the viewpoint. These are not presented as compre~
hensive definitions but are rather intended to focus attention on
certaln special aspects or implications of the terms that are
pertinent to this discussion.

Soil., The word should be classed as a collective noun., It
describes a mass or agglomeration composed of separate particles
of mineral aggregates ranging in size from extremely fine to
very coarse. For engineering purposes soil is not limited as in
the agricultural sense but it should be*emphasized that any soil
.regardless of the degree of fineness is not, strictly speaking,
a single material; it is a mass or collection of particles of

“materials, ' R

ClihPDF - www .fastio.com


http://www.fastio.com/

ClihPDF ="www fastio.com

" Soil Mechanics. The mechanics of granular materials in-
volving interfacial relationships between solid particles under

varying conditions of pressure and consolidation with or without
the presence of lubricating liquids and colloidal complexes,

Basement Soil, This term is intended to cover the
variable depth of material involving both cut and fill sectioms,
below the subbase or base. The depth of the basement soil will
be variable but may be considered as limited to the depths of
the fills.

Stability. - A term that has many meanings such as
stability of chemical solutions, stability of retaining walls -
in this paper it means ability of a soil mass or bituminous
pavement to resist plastic deformation under repeated stress
conditions developed by vehicle traffic or intermittent loads.

Bearing Power (Or Supporting Power). Has specific
meaning for soils only when load, moisture and compaction, unit
pressure, load area, and time are specified. As commonly used,
it has no specific meaning. One might as well ask "how much
load will a beam support"?

Failure. As ordinarily applied to test results on soils,
the term is indefinite and has significant meaning only when all
conditions are defined. It may mean crushing, rupture or simply
plastic deformation., The term "failure" is misleading when used
to describe plastic deformation.

Friction. May apply to solids or liquids. The resistance
due to solid varticle friction will vary in magnitude depending
on surface roughness, amount of pressure and degree of lubrica-
tion., The internal friction of liquids isusually designated as
viscosity, and the resistance varies with speed and area.

Lubrication. The process whereby friction is diminished
through the effect of a liquid or other substance which is in
place between the primary solid surfaces. One of the most im-
portant single factors affecting the stability of soil masses
and a term which appears but rarely in soil mechanics literature.

Cohesion or Tensile Strength in soils is a property of
moisture films generally increasing with large surface areas
- furnished by fine particles such as clay. In bituminous mixtures
cohesion is supplied by the asphalt. Variability in cohesion
or tensile strength in solils parallels the behavior of liquid
friction in that' the speed of action, surface area and tempera-
ture cause similar variations.

b=
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A great many aspécts of the ability of soils to support
loads have been described and illustrated by numerous investi-
gators and it appears that certain geéneralizations can be made
based on the evidence of a few of these illustrations that are
reproduced here., In Public Roads, June, 1930, C. A. Hogentogler
gave the follow1ng illustration "Sketch show1ng the supporting
power of cohesionless sand under load areas of one square foot
and ten square feet respectively." Figure 2. (It is understood
that these sketches represent factual data derived from experi-
ments with brick pavements in Florida.)

These dlagrams warrant the conclusion that there is a
marked difference in behavior of soils as load areas are
varied {Goldbeck (2)) and indicate that the difference in behavior
depends upon whether the resistance to deformation is due pri-
marily to internal friction or to cohesion of the ligquid films.
It is, furthermore, evident that when friction between particles
is a tangible element the supporting power of a granular mass.
can be enhanced by a surcharge over the upper surface beyond the
boundary of the loaded area. On the other hand, where the internal
friction is low (as in wet clay) and such re31stance as exists is
chiefly due to cohesion (liquid friction) then a surcharge adds
to the total supporting capacity an amount equivalent to little
mere than the weight of the surcharge. Therefore, that portioen
of the total resistance and only that portion which arises from
internal friction can be amplified by means of restraining forces

in the form of either a weight surcharge or in the form of cohesive

resistance beyond the confines of the area under load (or both).
Fig., 3. Hence, no rational conclusion can be reached from test
values which combine the effects of both friction and cohesion
in unknown proportions, For example the C.B.R., unconfined con-
pression, Marshall test, Hubbard-Field, etc,

Sand. Figure 4 is a photograph of a sand model {3) which
indicates the existence of a fixed angle associated with a sharply
defined plane limiting the boundary of active pressure. This

- angle is shown to be constant for the given sand material regard-

less of the type of movement of the restraining wall,

Extending the evidence from Figures 2, 3 and 4, to the
form shown in Figure 5, the lines A,RB,C represent the outlines
of an undisturbed "core structure" in a mass of cohesionless
sand supported only on a level base while the lines AD and AE-
represent a typical angle of repose of 34 degrees. Therefore,
it appears that the shaded area 4,C,E, may be regarded as a sur-
charge or counter weight required to malntaln the bagic triangul~
lar "structure” in a state of equilibrium. If a small cone or
triangular prism (AFG), Figure 6, having a base area of one square
foot and weighing approx1mate1y 24 pounds* is removed and replaced
by a weight of 770 pounds (corresponding To the load in Figure 2a)

-7
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it then becomes necessary to supply an additional surcharge
(Figure 7) which amounts to flattening the slope of Figure 6
until it reaches the horizontal plane, and thus establishing
or duplicating the conditions of equilibrium shown in Fig,
321, Any additional increase in load must be likewise
counter balanced by a proportional surcharge, Figure 8.
Figure 3ap. The reasons for this relationship between load
and lateral support are not hard to trace if we consider
other data illustrating the behavior of materials,

Further evidence has been secured by observing the

- movement of sands and clay soils in boxes equipped with a

heavy glass plate on one side., Photographs have been taken
by the method of continuous exposure of the film which
clearly indicate the direction of particle movement of either
sands or clay particles.

Figure 9 shows the flow of sands both to right and to
left of the load cross section. This simultaneous flow in

“two directions is somewhat difficult to achieve in the model.

Conditions in a more typical case are shown by Figure 10 in
which, for the period of recording, the flow followed a
distinctly curved pattern in one direction.

Figure 11 illustrates the characteristic movement
under loads placed upon an inclined slope.

‘Figures 9, 10 and 11 are not considered to reveal
anything not previously known and more or less confirm evidence
roduced by other investigators. However, Mr., C. F, Kettering
?4), pointed out in one of his papers that it is often helpful

in studying a problem for the observer "to stand on his hoad

- for awhile™. Figure 12 illustrates the appearance presented

by these sand deformation tests if the camera is stationary
with reference to the loading block, thus giving the appearance

‘that the mass of sand is moving upward, It must be emphasized

that Figures 9 and 12 represent the same phenomena viewed from
a different point of reference, The contrasting appearance
reminds one of the old saying that "what you see depends upon
where you stand".

Professor Housel (5), presented photographs of a clay
mass being deformed under load, Figure 13 and as pointed out
by Mr. Vokac (6) the pattern developed by either sands or clay
is very similar. In addition to the photographs shown in
Figures 9 to 13, other observations have been made directly
upon models and the different effects observed are illustrated
in four sketches, Figures 14 to 17.
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7600 |bs. per sq. ft.

(a,) —{142}- < 142" | {9p)
COHESIONLESS SAND
860 Ibs.per sq.ft. 1> 910 lbs. per sq. ft.
! | J -]
(by) —1.42 |~ . 142 - (by)
COHESIVE CLAY
Fig. 2
2020 lbs.per sq. ft.
I00 Ibs.per sq. ft. surcharge
7701bs.persq ft. 1~ —
(a)) —1.42-- 442 (ap)
COHESIONLESS SAND
/980Ibs per sq. ft.
860 ibs.persq. A 100 Ibs.per sq ft. SUfChurge
(b)) —142— 142}~ (bz)
COHESIVE GCLAY
Fig. 3
. From Public Roads Vol.i2, No.4 p. 97 (1930)
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Equilibrium of a Dyke or Cone of Sand
Fig.5

A 24 |bs. per sq.ft.

One sq. ft. Will Support 24 Ibs. of Sand
Fig.6

a2 770 lbs. per sq. ft.

= ALY

- urcharge ar y/
e to support ////

Ve 746 |bs. pér sq-ft.

- Surcharge
// for 24 1bs®

per sq. ft:
e s
One sq. ft. Will Support 770 Ibs. of Sand
Fig. 7
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Figure 14 represents schematically the potential paths
of individual particle movement at varying depths below the
surface of the road. TFigure 15 illustrates the probable lines
of cleavage or fracture which will tend to develop in the less
plastic mixtures if the movement is carried far enough. Figure
16 illustrates the distortion of hypothetical vertical lines
and horizontal planes if the load is sufficient to cause de~
formation (this illustration shows that movement is not con-
fined to a single "shear plane".) Figure 17 illustrates
isobars of uniform pressure, commonly called pressure bulbs.

Thus, there are a number of phenomena which have been
observed and studied, all of which are present and develop
simultaneously when any extensive mass of granular material
is deformed by pressure over a limited load area. Wheel loads
on highway and airport pavements are examples of limited load
areas on an extended plane surface and it is important that
all of the most significant movements be observed in order to
understand the mechanism involved.

The designing engineer is consciously or unconsciously
seeking to provide conditions to maintain the status quo. A
satisfactory paving surface is one which "stays put" retain-
ing its surface contour and smoothness by resisting deforma-
tion and displacement, and therefore may be said to be in a
state of equilibrium with its environment.

Most engineers recognize that loads carried by a
pavement must also be carried by the subgrade and the under-
lying basement s0il and it is taken for granted that the
capacity o6f a soil to support a load is in turn greatly en-
hanced by the presence of a pavement and base between the load
and the soil., To many engineers it has seemed to be an obvious
conclusion that the superinmposed layer of pavement and base is
effective because it tends to "spread the load®. Figure 18 is
a sketch of a load distribution pattern as conceived by certain
investigators. As will be noted from the photographs and
sketches 9 to 17, there is little real evidence to sustain this
concept of a "cone of distribution®., While this assumption
underlies many formulas proposed for computing pavement and
base thickness, the lack of agreement and indifferent success
with most of these formulas suggests that something may be
wrong with the basic concept or premise.

Referring to sketches 14 to 17, inclusive, it is clear
that if the load force exceeds the resistance between the soil
particles located vertically below the load, the only path
available for movement is in a lateral direction and therefore,
any such tendency to move can be counteracted by adequate lateral
resistance from material outside the load area, If the surround-
ing mass should yield, the path of least resistance is upward
and is in turn opposed or balanced by the downward pressure

O
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(weight) of the superimposed layers, i.e., the base and pavement.

The special case of pavements, bases and subgrades.

In the simple case of a uniform subgrade soil covered
by a pavement, we may consider two effects. First, if the pav-
ing slab possesses any flexural strength, it will undoubtedly
tend to reduce the pressure on the subgrade through beam action
or slab action which, of course, requires tensile strength.
(In the case of bituminous pavement and granular bases, this is
the minor effect), Second, a pavement (including any improved
base) tends to restrain the upward movement of the soil beyond
the area covered by the load. This restraint will depend upon
the flexural strength of the pavement and pavement flexural
strength will be more effective through restraining the up-
ward movement of the subgrade than by reducing the downward
pressure beneath the wheel. (This means that the most effec-
tive position for mesh reinforcement in a concrete pavement
would be near the upper surface and not below the neutral axis.)
The restraining action of the slab is further enhanced by the
weight of the pavement, and this property is, of course, posses-
sed by all pavements and by all layvers of base or subbase so
that with any type of base or surface the movement of any unit

of the soil is restrained in direct proportion to the weight of

the layers above regardless of type. However, the effectiveness
of this restraint depends on the amount of friction in the sub-
grade material as only that portion of the resistance that is
due to friction can be increased by pressure developed between
the soil particles. :

It is, or course, true that cohesion between the parti-
cles or tensile strength at any level below the surface will
have some effect in restraining movement but the importance of
tensile strength or cohesion in the pavement, base or subgrade
is minor in the lower levels but increases in effectiveness as
the upper surface is approached., Figure 21. Conversely, the
effect of friction between the particles becomes increasingly
important in the lower levels., (For example, the two properties
could be segregated and efficiently arranged by placing a layer
of granular material over a soil and covering the surface with
a steel mesh-mat.)

It would seem that several concepts are in need of some
revision or the meaning of certain commonly-used terms should
be clarified or amplified. These matters are important because
when the use of a certain term or certain nomenclature invokes
a mental image that is inadequate or "off the beam™ the engineer
is not likely to reach correct conclusions nor work out a sound
design. -

-10-
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In the author's opinion the word "failure" is one of
these much overworked and oversimplified terms. It is pro-
bable that the breaking and crushing of a concrete cylinder
is the most typical example of the concept of failure and
having once failed, the structural integrity of a material
or member of this type is forevermore vanished, The behavior
of plastic materials or masses of granular particles is some-
what different. If a bed or a specimen of uncompacted clean
sand is loaded to produce "failure", we have actually ac-
complished nothing more drastic than a more or less temporary
change in the shape of the body. The mast of granular mate-
rial has retained all of its original properties and is again
ready to receive a load and will still offer as much resistance.
to movement as in the initial case., The same is true of
plastic or over-rich asphaltic pavements. They can be classed
as unsatisfactory because of their inability to retain a
desired shape or surface contour. But to state without quali-
fication that a test specimen of soil or bituminous mixture
has shown "failure™ is an oversimplification which is often
very misleading.. -

It is furthermore true that virtually all materials
show a different response to repeated light loadings as com-
pared to a single load of sufficient magnitude to cause de-
formation or rupture. This is borne out by fatigue tests on
concrete, metals, etc. It is reported that concrete will fail
in flexure if constantly repeated stresses exceed 50% of the
uvltimate strength (7). Bituminous pavements may become dis-
torted and unsatisfactory from a traffie standpoint through the
accumulated distorting effects of a large number of traversing
wheel loads even though each repetitim of load produces an
almost imperceptible movement. A difference however, lies in
the fact that elastic substances are weakened while plastic
materials often are not. Therefore, while the effects of load
repetition may lead to "distress"™ in both cases, the mechanism
of "failure" in plastic material is not necessarily identical
with fatigue failures in a relatively rigid body.

It is furthermore apparent that the effects of the
time element (that is whether long, continued versus repeated
loadings) will show marked differences depending upon whether
or not a viscous liquid is present in the supporting medium.

This would seem to be a good place to repeat some
rather simple laws which describe the behavior of dry sliding
friction between solid bodies and of liguid friction,

According to Sir W, B. Hardy in his paper entitled

"Friction, Surface Energy, and Lubrication", (8)
"two kinds of friction may be distinguished, the

~1l -

www . fastio.com - B


http://www.fastio.com/

ChhPD

Wy fastio.com’

internal friction of fluids, usually called their
viscosity, and the surface friction of solids which,
in contrast with internal friction, might be called
external friction.

External friction is the resistance to relative
motion which two solid faces in contact offer; it is
the reaction to the traction of the interface, and
there are two kinds, kinetic and static, according as
the traction does or does not cause slipping.---

External friction is subject to a law, formulated
by Amontons in 1699, according to which the resistance
to relative motion 1is independent of the area of the
applied surfaces, and varies directly with the force,
called the load, which presses them together,

Amontons'! law may be put: For the same solids
and the same lubricant, the tangential reaction
(friction) per unit area is dependent only on the
pressure.” L

In the description of liquid friction, Hardy quotes
from works by Reynolds, Sommerfeld and Rayleigh.- The follow-
ing comments are based on Hardy's review,

When a viscous liquid is held between two plates se-
parated by the liquid in question the resistance to sliding
will be virtually independent of the pressure but will vary
directly with the area and directly with the speed. This be-
havior bears a suspicious resemblance to the so-called "co-
hesion! effect that appears constantly in the literature on
soil mechanics and is usuvally defined as that portion of the
total resistance that is independent of the pressure. It
appears that the nature of this cohesive resistance may be
better understood if it is recognized as due to "the simple
internal friction of a viscous f{luid".

The laws which influence the movement of materials
affected by external friction between solid particles and the
internal friction of viscous liquids. are in effect almost dia-
metrically opposed.

A mass of rock particles, such as dry sand, crushed
stone or gravel will perform in close agreement with the first
law. Stabilometer tests indicate that changes in gradation
within wide limits will have little effect on the frictional
resistance as a whole, Practical corroboration is furnished
by the easily made observation that stable foundations and
bases have been constructed from aggregate gradings ranging

~12-

()


http://www.fastio.com/

ChhPDF -w

lllustrating the Misleading
Concept of "Load Distribntion"

<) Wheel load distributed |
over circle of radius a

R ~
id ~G

i o i

i l-‘ N

(REEEEIREREERS
Fig.18
Direction of Forces Involved in
: R
Stabilometer Test } }V | R, = Vertical Pressure Applied
, :7 < p R,= Horizontal Pressure
Specimen — 2 h Developed (Stabilometer
Figlo Reading)
Direction of Forces Involved in
Cohesiometer Test
7
//.c Test
% Load
1 Fig.20 \
Direction of Principal Destructive
Forces Involved in Pavement and
Soil Structure Load
T — -
;
Y N \*>
- Cohesion most important here: less
effective in lower horizons.
T
Friction most important here: less
effective and less essential in upper Fig.2l
layers.

nvw L fastio.com


http://www.fastio.com/

()


http://www.fastio.com/

. all the way from fine sand to coarse Macadam types with every
sort of intermediate variation. Properly compacted and con-
fined, any of these types can be made sufficiently stable.
(The surface texture and shape of the particles will be far
more important than the grading). Lubricated aggregate or
soil mixtures, (for example, aggregates mixed with too much
asphalt or with excess clay and water) present a case where
the more or less rough stone particles are partially lubri-
cated, although the sliding friction may not have been com-
pletely eliminated. Such a mixture will not follow either
set of laws exactly. The greater the amount of lubricant
present and the more effective the lubricant, the more nearly
will the deformation characteristics of the material follow
the stated law governing liquid friction, and as pressure
has little effect on the resistance it naturally follows that
wet lubricated clays show little response to the effect of
surcharges; i.e., to increased pressure on the sliding planes,
Figure 3, When particle friction is high and lubrication
absent, any surcharge or any means for increasing pressure
(compaction) between dry particles will increase the re-
sistance to movement.

We thus have a variety of effects on stability when
the quantity and nature of the lubricating liquid is changed
because the cohesion effect in soils (which depends either
on asphalt or water) will usually increase up to a point as
a liquid is added to a soil mixture but the friction will
usually decrease simultaneously due to lubrication and more
resistance is lost through reduction in friction than is
gained by inecreased cohesion,

In order to evaluate any engineering material ade-
quately it is necessary to measure its significant properties,
but adoption of aprropriate tests for soils has been retarded
by certain concepts. The errors are of two kinds, first is
the habitual use of phraseology resting on assumptions, The
term "bearing value™ or "supporting power" is often applied
directly to test results derived from certain types of test-
ing equipment although the stress conditions developed in the
test may be greatly different both in ragnitude and dimension
from those produced in the prototype.

The word "shear" and reference to shear tests appears
frequently in all literature on soil mechanics, It is per-
tinent to point out that the term does not definitely imply
any property of materials. "Shear"™ is a type of movement or
stress which can be developed or applied to any material
whether it be glass, steel, wood or concrete. Likewise, several
other terms should be rescrutinized in order to recognize their
actual meaning and proper place in the scheme. These t erms
might be classed as belonging to the geometry of testing mate-

. rials rather than as defining specific qualities or properties.

«l3e
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Thus, we can apply compression loads, bending loads and
shear to almost any substance. But each material resists the
application and direction of these mechanical movements through
the possession of simply innate properties which vary only in
degree or magnitude between different materials, The ability
of materials to resist stresses in tension is due to the forces
of molecular attraction. (Presumably we do not pull molecules
in two by mechanical forces.) The mechanics of granular masses
is, however, on the whole more simple inasmuch as macroscopic
discrete particles normally maintain their individual integrity,
and molecular forces in soils may or may not influence particle
friction although they undoubtedly are involved in the cohesion
effect produced by liquid films over large surface areas.

Second, is the almost universal practice of testing
specimens of soils which have been artificially prepared under
compaction methods which are utterly unlike anything operating
in nature or developed by construction equipment.

. As pointed out above, all soils and mineral aggregates
are collections of particles and the mechanics of soil deals
with the actual or potential movement between the individual
fragments. Hence, the conditions existing at the points of
contact between the particles is of paramount importance.

The only conceivable properties by which a mass of
granular materials may resist movement or deformation are:

l. The resistance to relative motion which two or
more solid particles in contact will offers This resistance
may be more or less accurately defined as friction. The
total resistance will vary with the roughness of the particle
surface and with the pressure which forces the particles into
contact.

2. Cohesion or tensile strength 1l.e. resistance to
stretching or pulling apart displayed by soil mixtures con-
taining either hydrated colloids and clays or bituminous
binders. The behavior is closely influenced by the laws of
ligquid-friction.

3. Inertia. (Possessed by any mass and ordinarily
need not be dlfferentlated between pavement or bases of different
materlals)

There are no others: and only when these properties
are measured with reasonable accuracy and their interrelation
understood will it become possible to predict the behavior
of s0ils and bituminous mixtures under a variety of loading
conditions. Solil test specimens may be subjected to compres=
sion, tension, bending or shear stresses, but no other property
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.  will berepresented in the test results except uncertain pro-
portions of friction and coh651on as defined,

Test data derived from simple shear tests, extrusion
tests load-penetration tests and unconfined compression tests:
will all reflect some arbitrary composite of the two elements,
friction and cohesion, and it is ordinarily impossible to
determine the relative proportions of each which make up and
are concealed in the laboratory test results.

In view of the fact that these two elements respond
differently or combiné variously (depending upon conditions
of dimension, loading, time and temperature) to produce the
sum total resistance of a bituminous pavement or subgrade,
it 1s therefore, impossible to establish a consistent or
even parallel relationship between such composite test data
on small specimens and the performance of the prototype.

Hence, separate tests should be employed which indi-
cates: First, the internal friction or sliding resistance
which exists under the appropriate worst conditions of load,
moisture, compaction and temperature that are expected to
exist in service. Second, the cohesion or tensile strength
under similar typical conditions should be evaluated. The
two quantities must then be related or combined in proper
proportion to accord with each special case or circumstance
and their ratios will change depending on the load area,
duration of loading, depth below the surface, or any varla—
tion in the geometry of the actual service condition,.

A test reflecting internal friction may be made in
«  the stabilometer, (Figure 19, 31 and Figure I in Appendix I,)

Cohesion of the liquid films or terdsile strength of
the mass can be evaluated by means of any apparatus which -
measures the force required to pull a test specimen apart,
Figure 20. (For example, the Cohesiometer).

The properties reflected by these two measurements
may be visualized as "dominating" certain limited regions
of the combined structure of pavement, base and subgrade as
shown in Figure 21.

- The cohe51on is chiefly important through addlng to
the pressure normal to the planes of sliding and thereby
magnifying the resistance due- to friction.

The diagram in Flgure 21 is an attempt %o v1suallze B
the conditions indicated under problem two in Figure 1 whetre

it is shown that there are three major factors 1nfluenc1ng
the ablllty to support loads,

T 15
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"“Using the symbols shown oh'Chaft, Figure 1, the factors
have the following general relationshipP

T = KD {90-R)
_ 3
Where T* = thickness of all layers, including pavement,.
base, subbase, etc., above soil in question,
inches.
K = a constant: numerical value depending upon
the units used and upon the factor of
safety desired
D = deforming effect of pneumatic tired wheel
loads
R = resistance value of the soil (range
- 0 to 100)
.S = tensile strength of pavement or base or both

While the foregoing expression indicates the mathematical
relationship between the several component parts of problem two,
the formula, of course, is useless until some typical units and
values can be assigned to develop an expression which can be used
in the calculation of pavement thickness required to sustain a
given magnitude of traffic.

: G
i

" #In the above and subsequent formulas T may mean the thickness
of base and pavement when the quality of the subbase material
is represented by R or T may.be used to calculate the thickness
of pavement or surface course when the quality of a granular
base is being considered. In other words the thickness of any
one or more layers may be calculated by the method indicated.

. ~16a
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MATHEMATICAL RELATIONSHIPS EETWEEN MAGNITUDE, OF
LOAD, AREA OF CONTACT, LOAD REPETITION AND
STRENGTH OF PAVEMENT AND RESISTANCE VALUE OF SOIL

By dividing the total deformation of a pavement surface
showing grooving or rutting by the number of axle load repeti-
tions required to produce the "failure" it has been found that
a moving wheel load caused an average permanent deformation at
each apolication of approximately 0.1% of the individual de~
flection noted at each passing trip.* This shows that the de-
flection, under each load application even in an inadequately
designed highway, over a plastic soil, is approximately 99.9%
elastic, In spite of this preponderance of elastic phenomena
however, there is no doubt that the eventual failure is due
to the accumulation of the small plastic movements, While
the deformation is typical of a plastic material it appears
that the stresses which cause these plastic strains might be
analyzed from elastic theory. '

Under a moving wheel load the resultant flow of a plastic
soil material is most pronounced in a direction at right angles
to the direction of traffic, The stress pattern involved in
this flow might be approximated by means of the theoretical
solution to either a circular load, a rectangular load or a
strip load upon a semi-infinite solid. There are supposedly
rigorous solutions to all three, The choice is a matter of
opinion. The pattern of the stresses and most probable planes
of slip will be different for the different types of loading.
However, the inadequacy of the numerous formulas derived from
elastic theory and from which design is based upon a calculated
value of stress or strain at some predetermined point in the soil
mass seems to indicate the futility of trying to reach a workable
solution by this method alone, Therefore, we have used the
theoretical treatment only as an aid to establish proper test
procedure and to rationalize some of the principles brought
out by experimental data and to obtain a better understanding
of their limitations.

Let us consider the theoretical treatment of strip load-
ing. The deformation of a soil mass caused by a repeated strip
loading would result in a groove similar to that made by a moving
tire. With each trip of the tire, the surface receives a cer-
tain unit load over the same area as with an application of the
strip loading,

*Stockton Test Track and Brighton Test Track

-17-
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Figure 22 represents a cross section under a strip load and
shows the direction of the major principal stresses. Figures 23
to 26 show the direction of the most probable planes of slip
when different degrees of particle friction and cohesion are
present* Figure 24 shows the case of a soil having a low ratio
of cohesion to friction, Figure 25 represents an intermediate
ratio and Figure 26 a very high ratio. These throw light on the
tendenéy of a cohesionless material such as sand to become com-
pacted at the lower levels and also indicate the advantage

of protecting granular base types with an upper layer having
some tangible tensile strength., Figure 23 shows the effect of
the weight of the soil on the direction of the slip planes.

In this case the direction of the most probable shearing plane
is le'sg favorable, nevertheless the soil weight increases the
pressure and hence, the re31stance due to friction along these
planeso

The'ability‘of the loaded soil to sustain loads will depend

"upon the ratio of stress to ultimate resistance S

along thesé surfaces most likely to slip. C+ pn Tan g

Table I, Figure 27, shows the ratio of shearing stress to
normal’ pressure, on the most probable planes of failure, at
various points of the loaded soil., The failure planes are
calculated assuming no cohesion, From this it is evident
that ekxcept for a small volume of soil directly under the
load, with no cohesion, gross failure should take place in a
certaln region even with a friction coefficient of unity.
When loads are applied over larger areas (with constant pres-
sure} the relative proportion of overstressed soil decreases
due to the fact that the weight of the soil (especially
beyond the load area) has a stabilizing effect; but, within
the range of highway and airport loads, added re81stance is
‘necessary either from cohesion (tensile resistance) in the

“gsoil itself or from a cohesive surface which has the effect

of providing a surcharge outside the load area before the
amount of the upthrust becomes serious,.

REQUIRED THICKNESS OF BASE AND SURFACE IS PROPORTIONAL
TO PHE WIDTH OF THE LOADED AREA

Although the picture becomes somewhat clearer from these
theoretical studies, any attempt to use them quantitatively for

"deéesign is certainly not warranted., As a basis for comparative

considerations, the prospect is brighter,

*The method of calculating these most probable planes of slip
is given in Appendix IT.
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SHEARING STRESSES (TOP) AND NORMAL STRESSES (BOTTOM)
ALONG THE MOST PROBABLE FAILURE PLANES

Table I
8"
111160 Ibs./8q. . [[]
I%‘I- I_?.S |8.5 3-"_82 1201bs. per cu.ft.
372 3.7 10.2 1.50
g" 120~ 104~ 336 .21 0.54
8.1 735 .04 0.50 0.49
813 6.38 365 2.06 .04
- -+ + + =y +
49 3.3 .54 .00 0.9l
5" Table IT
H |§0|bs./sq.in. f ||
120 lbs. per cu. f1.
15. 10.4 3.38 i.20 Q60
" + + + + +
16 183 7.9 .08 077 0.86
1 %_32 64_7 4_.":’: 24_62 I.*I_5
52 3.7 2.1 1.76 .63
Fig.27
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. Neglecting the weight of the soil, the formulas for stresses
and strains and for direction of the most probable planes of
slip are linear functions of the width of the load area whether
it be circular, rectangular or a strip lcoading. The added com-
plication of the weight of the soil affects not only the shear-
ing and normal stresses, but also the angle of the most probable
plane of slip., However, by a comparison of Figures 23 and 24 it
appears that we can justify neglecting the effect of the soil
weight on the direction of the probable planes of slip when deal-
ing with the variations within the range of highway loads.

Table II, Figure 27, shows the changes in the shearing and
normal stresses along the probable failure planes when the unit
load is spread over an area having twice the lineal dimension
shown in Table I, The effect on the stress pattern is the same
as though the weight of the soil had been doubled., This dif-
ference due to the soil weight affects the frictional resistance
only as 1t is only the frictional resistance that can be in-
creased with an increase of load on the planes of sliding. In
the vicinity of the wheel load the effect is small as the stresses
produced by the soll weight are small compared to those produced
by the load. Following the pattern outward, away from beneath -
the load, the stresses from the load become less and those from
the s0il welght proportionally greater; but the ratio of shear-
ing stress to normal pressure becomes greater and it is evident
that should there be appreciable tendency toward movement out-
side the loaded area most of the resistance to the movement must
come either from cohesion in the soil, which is not affected by
the soil weight, or must come from a cohesive surface mat re-
sisting upward thrust which influence also is not affected by
the soil weight.

: From these circumstances it seems a reasonable assumption
that for highway and even airport loads we may neglect the

error caused by the weight of the different masses of soil

involved when comparing the effects of loads over different

sized areas and we may, therefore, state with some assurance

that, providing the tire pressures are approximately constant

and the tire imprints are approximately the same shape, and

other things being similar, the necessary thickness of hbase

and surface for the same volume of traffic will be proportional

to the tire widths or the square roots of the tire contact

areas. (Tire contact areas are more readily calculated from

data on total loads and tire pressures than are tire print widths).

Some verification of this premise is shown in Fig. 28,
which shows the relation between the number of load repetitions
and the thickness of base and surface at which failure became
evident for three different wheel loads. The slopes of the
heavy lines are approximately proportional to the square roots

~19-
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of the loads. Actually they are proportional to the product of
tire pressure, (which 1s slightly different for the tgree loads),
and the square root of the tire imprint area, which will be ex-
plained later. It will be evident that the eéxpressions VIoad
and Varea are parallel values when pneumatic tires carrying
identical pressures are involved. It should also be noted that
it is -erroneous to assume that a tire print load is adequately
represented by a circle of equal area,

The data for the 40,000 pound load and the 25,000 pound
load are taken from a report on the Stockton Test Track con-
structed by the Corps of Engineers and for the 6,000 pound
load from the Brighton Test Track constructed by the California
Division of Highways. - '

REQUIRED THICKNESS OF BASE AND SURFACE IS PROPORTIONAL
s -TO THE AVERAGE TIRE CONTACT PRESSURE

e On page 19 it was established that with tire pressure and

other things egual, the thickness of base and surface required
varied as the square root of the tire contact area. The re-
lation. between the thickness required and the contact pressure
when the area is constant is not so well established; however,
comparisons between the effects of single tired loads and dual
tired loads indicate that the required thickness of base and
surface is directly proportional to the tire contact pressure,
Also results of deflection measurements made a Stockton Test
Track show that the deflections caused by the various loads
(when measured at thicknesses of base and surface proporticnal
to the square root of the tire area) are approximately propor-
tional to the thiclmess of base and surface required to carry
these same loads. Theoretically and experimentally, deflections,
when measured at thicknesses of base and surface proportional
to the square root of the tire area, are proportional to the
product of the tire contact pressure and the square root of the
contact area. :

‘These facts suggested that the required thickness of base
and surface would be proportional to the tire pressure. Figure
29 shows the theoretical rate of failure, (based on this assump-
tion for the severity of the load), compared to the actual rate
observed on the test track. '

Points on the curve were calculated by means on the formula,
page 2k, after reducing all load repetitions to an equivalent
number of 5000# wheel loads. :

-REQUIRED THICKNESS OF BASE AND SURFACE IS PROPORTIONAL
: TO THE LOGARITHM OF THE LOAD REPETITIONS

The relation between volume of traffic and thickness of
base and surface has been determined by the interpretation of

-20-

ClIhPDF - wavw fastio.com


http://www.fastio.com/

g8¢bi4

suoi}1jadsy pooT

00001 000l

GIO

001=929044nG Q 3sDY JO IN|DA 13}9WO0ISAY0Y) \

0009

£

P001'q) 000

9 ‘an004b ur 2/)
poo| q| ooo ‘9 ﬁco:c?_mmno £q a4n)104
@

pRO| 'q|000'GZ ‘uoljpAIasqo Aq a:n|iDd

poo| q| 000'GZ ‘@r00i6 U1 t/¢ (D)

poo| 4] 0000t ‘uoijpasasqo £g ainfiog @

poo| ‘gt 0000 ‘ar0046 Ul b/ (V)

J0v3UNS B 3ISVE 40 SSINMOIHL A3¥IND3Y
'8 QY01 733HM ‘SNOILILId3Y AVOT N3I3M138 SNOILVIIY

| 00! 0l
= apoubgng jo m:"o> 42}3W0|1qD}S

o
o~

O
<

09

92044NS XIW IUD|d ' 2SDY }JO SSauydly| padinbay

www . fastio.com

ClibhPDF -


http://www.fastio.com/

C

I PI )L

WA WY T

JEERE
Aast

()


http://www.fastio.com/

| ®xvaoey sq10008I km_&a&s_ 'o_ésms_oom
aJi] 9jbuis sall] |onQg—~

00008

0009

62614
suoljljaday pooT

i o

0008

v  oodeg

o
SG{0009) J9IIDAL RS o_&som.ﬂ_oow_m&m—
saJi] |ong

@

sq
009t

0009l

|

41| 9|buisH

'sq|
0002

o)

0w

-1
-
—

—

PNy __ -

0o

Q

o

PaIIDS PaJaPISUOD 99D}ING X8 ASDY JO SSAUNDIY ) PAUIGUIOD

www fastio.com

ClibhPDF -


http://www.fastio.com/

PSS S N

it

e il



http://www.fastio.com/

ClibhPDF -

.experlmental data obtained from the test tracks. The data shows

that to prevent plastic failure in the subgrade, the combined
thickness of base and surface required varies directly as the
logarithm of the number of load applications. Part of the data
is shown in Figure 30, The slope of the line showing this re-

" lationship depends upon the type of base and surface. It is

evident that the tensile strength or slab strength of the base
and surface is one of the two factors which serves to protect
the subgrade or basement soil.

REQUIRED THICKNESS OF BASE AND SURFACE IS A LINEAR FUNCTION
OF THE STABILOMETER VALUE Py/P.

The relation between the quality of the subgrade and the
thickness of base and surface required is one that has, and
possibly always will, def'y solution by mathematical analysis
alone, The answer, of ceurse, is through experimental data
to correlate performance Wkth measured quality; but this re-
guires a solution to the problem of performing a test on the
soil which will measure truthfully that quality which determines
its performance.

A subgrade failure has often been described as one of "shear
fallure" under certain conditions of confinement, therefors, many
Engineers have assumed that a simple shear test would be appropriate
and adequate. However, shear resistance in a material is due to
two distinct propertles namely friction and cohesion and these two
properties combine in very different proportions to make up the
total shear resistance depending on the amount and proportion of
the principal pressures involved. Furthermore, the amount and
proportion of the principal pressures varies tremendously in the
soil under a load. Where the confining pressures are light,
cohesive resistance would be most effective; where they are heavy,
frictional resistance becomes more important,

Therefore, we cannot by any simple assigned test value per-
fectly classify scils according to their ultimate behavior and
ability to support traffic when used as a subgrade. Probably
our best compromise in attempting to use a single classification
would be to rate soils according to total shearing resistance at
confining pressures and displacements in the neighborhood of
those occurrlng in practice.

That portion of the resistance that is due to frlctlon can
be measured by means of the Stabilometer shown in Figure 31.
It is designed for application in a laboratory where a large
volume of samples, 60 or more, must be tested per day. It is
not operated, as is sometimes implied, as an instrument for
measuring the angle of friction and cohesion of the soil (as de-
rived by means of Mohr's Diagram).
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" 'The resistande offered by a soil as derived from Stabilometer
tests is expressed as the ratio between lateral pressure trans-
mitted and the vertical pressure applied, at 160 psi. vertical
pressure, upon a Specimen 2-1/2" high and 4" in diameter at an
arbitrarily set deformation. As performed this test is influenced
only slightly by that portion of the total resistance that may be
due to cohesion. When necessary this property is evaluated by the
Cohesiometer, however for untreated soils cohesive strength can
usually be neglected as a small factor of safety. Cohesive
strength is important in the pavement or surface course. Figure
21. It is less important in the lower soil layers and may show much
variation, depending upon density, moisture content etec.

‘Data has been collected from failed areas of many highways.,
Figure 32 represents some of the values from failed areas carry-
ing an average amount of highway traffic. On the graph are
plotted the thickness of cover material against the Stabilometer
values of the underlying soils, the soils being tested at the
prevailing conditions of moisture and density when the "failure"
was progressing most rapidly. The heavy line then represents a
boundary and conditions represented by points to the lower left
are ifrom experience likely to fail, whereas there is no record
of failure under conditions represented by points to the upper
right of this boundary. '

'This line indicates that, within the range of subgrades
encountered, the thickness of base and/or surface required is
a linear function of 1-Pn/Py Figure 19, which is proportional,
theoretically, to the maximum shearing stress divided by the
major principle stress. In order to avoid confusion with mis-
leading concepts of "bearing value" or "shear stress" the ability
of the soil material to resist deformation has been designated as
the "resistance value" "R" which is computed from Stabilometer
data as follows:

R = (1 - Pp/Py) 100
Where R

= Resistance value of the material tested
Py = the applied vertical pressure (typically 160#/sq.in.
-~ Pp = the transmitted horizontal pressure (Stabilometer

reading)

REQUIRED THICKNESS OF BASE AND SURFACE IS PROPORTIONAL
: TO THE FIFTH ROOT OF THE COHESION

Deflection measurements made on Asphaltic Conecrete sections
of several test tracks show that the resistance to deformation
increases appreciably as the temperature of the surface decreases,
the effect of the decreasing temperature being, in turn, to in-
crease the rigidity or tensile strength of the bituminous binder.
In addition, the performance of various types of bases indicated

-22-

-1

wvvwfastio.com


http://www.fastio.com/

o¢ b1

suol021)ddy pooT 9411 juosd 8|BuiS ‘91000 B 408y 21buls ‘q) 000'9 jo suoljljaday
0000l 000"l 00!

o

A

200D}4nG g a50Q JO SSOUNOIY L peJinbay

1

200}4nS XiW JuDjd 8 ‘81D ¥8D 0§ @
800,4nS XIW JuDid 8810 480 0¢ @]
XIW JuD|d '@ 9s0g Paypes) uojsinwl ¥89 05 @

390}inG XIW juDid 8 8s0@ N 8D 05 @

191

9904nS XIW JuD|d 8 308 Uny 10 ¥EJ 00! @

$3SVE 40 S3dAL SNOKVA HO3
Q34INO3Y 30WHHNS ONY 3SvE J0 SSANUOML OL SNOILIL3d3Y V0T SO SNOILVI3Y

www fastio.com

ClibhPDF -


http://www.fastio.com/

10.COM


http://www.fastio.com/

Pressure Gauge
Recording Ibs. per sq.in.

DIAGRAMMATIC SKETCH

HVEEM

of the

STABILOMETER

\ Head of Testing Machine /

LLMMMIMN

7

Piston for applying
" oad to specimen

\\\\@
THJIIT unmn%

Flexible Diaphragm

A T

Note:

N\

5
\

N

772

Adjustable
Stage

HTEAITIT
Ciquid

i

Liquid under small
initial pressure

Platen of

/ Testing Machine

Specimen given loteral support by flexible side woll
‘which tronsmits horizontal pressure to liquid.
~ Magnitude of pressure may be read on gauge.

ClihPDF - www .fastio.com

Fig. 3l


http://www.fastio.com/

ClibPD www . fastio.com

()


http://www.fastio.com/

ClibhPDF -

www . fastio.com

Thickness of Cover—Inches——

S.
Thickness of Cover for Failed Areas of Highway

Stability of Base or Subgrade

28

24

o\

N\

16
o]
12 ).\
. [o}
8 N
o]
(o]
[o]
[o]
4 o—o
N
(o]
_ o [ ]
06 20 40 60 80

R=IOO(I-?) from Stabilometer Test
v

Fig. 32

100


http://www.fastio.com/

C

\y)rPlufw



http://www.fastio.com/

. that the minimum thickness that would stand up under traffic varied
in inverse proportion to the fifth root of the tensile strength
as measured by the Cohesiometer, Figure 37. From page 19 and
from Table I and IT, Figure 27, we can conclude that the effect
due to the slab strength of the base and surface is most pro-
nounced outside the area of the load, see also Figure 3.

As the deforming subgrade in this area tends to bend the
base and surface upward, it is advantageous to have the upper
half of the base and surface of material capable of resisting
tensile deformation and the bottom half of material capable -
of resisting compressive deformation. Therefore, the top part
of the base and surface must possess cohesive strength in order
to resist tensile deformation., When the accumulated effect of
forces transmitted by a plastic soil or base becomes sufficient
to rupture the surface, rapid failure then takes place and it
is the ultimate tensile strength of the upper layer that deter-
mines this point of gross failure for a rigid pavement. However,
up to this point, the ultimate tensile strength of the surface
has .not been reached and while it is still intact, the resistance
offered by the base and surface to the deforming effect of
traffic is related to its dynamic modulus of elasticity.

In the case of a plastic base and surface, such as asphalt
concrete, the magnitude of the tensile resistance will depend
greatly upon the speed of the load application and will not
increase appreciably as the subgrade deforms, but with a more
rigid or elastic type of base and surface, such as portland
cement concrete or cement treated base, the resistance to any
upthrust increases rapidly until the point of fracture is
reached., Although this seems to indicate a tremendous advantage
in favor of the more rigid bases, it may be offset by other
factors.,  Rigid pavements are particularly susceptible to
fatigue failures or distress due to warping, pumping action,
etc., that lie outside the province of structural adequacy
as defined on Chart Figure I, problem #2 i.e. ability to support
loads over a plastic soil. See problem #3 of Chart Figure 1
for factors involved in fatigue failures,

The value of a base and surface therefore will depend
upon a combination of (1) unit weight, (2) plasticity, (3) dynamic
modulus of elasticity, and (4) the ultimate tensile strength or
"slab effect™ of the upper half. Test track data have shown a
Tair correlation between minimum thickness of base and surface re-
guired and. the tensile strength of the surface or base which ever
is stronger. - : - '

4Figure 30 shows the relation between thickness of base and
surface at the point of fallure for five different types of base
and surfacing. For all types the thickness of base and surface

23w
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s found to Be ‘proporticnal to the Togarithm of the number

of load repetitions and the slope of the curves for the
different types of base, inversely proportional to the

5th root of the Cohesiometer value, which in this case is a
value directly proportional to the modulus of rupture of
the base material or the surface type when measured under
certain specific conditions of test (The Cohesiometer for
example) . : '

Sunimary

From the foregoing, we can state, based upon all evidence
available, that the:required thickness of cover material neces-
sary to protect the underlying soil from plastic failure is
proportional to (1) average tire pressure (2) the square root
of the effective imprint area, (3% the logarithm of the load
repetitions, (L) the function (Ph/Py-.1) {derived from Stabilo-
meter tests) and (5) inversely proportional to the 5th root of
the tensile strength of the pavement, base and surface (as de-

‘rived from Cohesiometer values or modulus of rupture determina-

tions). :
The formula then becomes:
T = (KP Valogr) (Ph/Py - 0.10)
R ) 5 . . ) -

VA

ﬁhere T

= Thickness of cover (Base and Pavement) in inches
K = 0175 for best correlation but without any factor
of safety, For design purposes it is suggested
that K - .02
Ph = transmitted horizontal pressure in the Stabilo-
© meter test (#/sq.in.) :
Py = applied vertical pressure in the Stabilometer
test {typiecally 160#/sq.in.)
P = effective tire pressure (#/sq.in.)
a = effective tire area (sq.in.)
r = number of load repetitions
¢ = tensile strength of the cover material as measured

by the Cohesiometer in gms. per sq. in. (approxi-
mately = Modulus of Rupture X 45.4)

Figure 33 shows an alignment chart prepared in accord with
the above formula, however, it is plotted using a value of K = .02
in order to include. a factor of safety. From it may be estimated
the required thickness of base and surface necessary to prevent
failure in the subgrade (likewise thickness of pavement or sur-
face to prevent failure of the base). Figure 34 illustrates the
potential movement in one or more layers., Referring to chart,
Figure 33, a line passed through selected points on any two of

~2h~
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the scales A,B and C will intersect Scale D at a point showing
the destructiveness rating of that particular combination of
wheel load and tire pressure, A line passed through this point
on Scale D and the appropriate point on Scale E (which shows the
number of repetitions of this load) will intersect Scale F at

a point showing the cumulative destructive effect of this traffic.
The data upon which these scales are based are taken from test
tracks in which the loads were repeatedly applied along the same
lines. Actual highway traffic, even in a single lane, would be
staggered somewhat and the concentration would be less severe.

Figure 35 shows the thickness calculated from the above
formula plotted against the actual required thickness as found
from the Brighton Test Tracks and the Stockton Test Track.

The data includes single wheel loads from 6,000 to 40,000 pounds,
load repetitions from 6,000 to 77,000, six different subgrades
eight different bases and two types of surface.

-25-
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S ITT |
PREPARATION OF TEST SPECIMENS

In the foregoing discussion it was mentioned once or twice
that the resistance of granular masses to deformation under load
is primarily dependent upon inter-particle friction. In fact,
Hardy has stated that "friction is a characteristic of parti-
culate matter.™ Therefore, it appears that the condition which
prevails at the points of contact between soil or rock parti-
cles is a matter of great importance. It becomes appropriate to
consider the manner in which soil or particles of mineral agsre-
gates are brought together and especially the force with which
these particles are pressed into intimate contact. This force
or contact pressure will have an important influence on the re-
sistance to further movement. Therefore, if a significant
laboratory test is to be developed, it becomes mandatory that
test specimens must in all essential respects reproduce the

structural conditions of the prototype.

ClihPDF - u

Thus, we must be concerned over the methods used in com-
pacting a test specimen of soil, crushed stone base or bituminous
surface mixture. BEven a casual consideration of field compaction
equipment and current specifications will furnish evidence that
pressures exceeding 300 lbs. per sq. in. are not common and
furthermore, it is well known that heavy construction equipment
equipped with pneumatic tires will produce a very high compaction
i.e. density of embankment soils and granular base materials.

This effective compaction is accomplished with tire pressures

often less than 100 lbs, per sq. in. It seems obvious, therefore,
that laboratory compaction methods using straight compression loads
equivalent to two or three thousand pounds per square inch re-
present a tremendous increase over any load that has thus far been
employed on actual construction. Samples compacted under these
excessively high pressures cannot be expected to bear much struc-
tural resemblance to the same materials in place on the road.
Usually, the common excuse given for using such high compaction pres-
sure is that "it is necessary in order to develop proper densities,”
that is, to produce laboratory specimens having weights per cubic
foot similar to materials in place in the roadbed,

It can easily be shown that the "density" of a granular mass
is one of the least reliable and least informative of all determina-
tions which can be made. This expression is simply the ratio between
the absolute volume of solid material and the absolute volume of
voids for a given over-all volume of material., Tests may be per-
formed on soil specimens which have been compacted by several dif-
ferent methods, for example, by tamping, pounding, vibration, by
straight compression loads, and combinations of these variocus methods.

=26
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.' Any or all of these compacting procedures can be utilized to pro-
duce some given density and based upon density comparison alone
the results might be judged to be similar. However, with many
soils or aggregates, the internal structure or the particle arrange-
ment may vary considerably without any significant change in density,
In the majority of cases the resistance to further displacement is
increased as the compaction load is increased even though the re-
lative density may not show a proportionate increase. Therefore,
before any intelligent selection or discrimination can be made
between methods of testing and measuring important properties of the
soil, it is first necessary to make sure that the specimen tested
is a reasonable model of the prototype. Laboratory test results
are liable to be very deceiving when performed on a test speci-
men wherein the resistance has been built up by excessive compaction
far beyond the state now attainable with construction equipment.

Sand or rock particles having considerable surface friction
are not easily forced or pressed into a close fitting state. The
action of a rolling wheel tends to displace granular materials in
a lateral direction and compaction is accompanied in large measure
by a shifting of particles, usually in a more or less horizontal
direction. This movement has a tendency to produce laminations
which may be observed in soil specimens and it has also been
observed that particles of coarse stone in asphalt paving mixtures
tend to come to rest with their long axes in a horizontal position,
All of this means that while relatively high densities are often
achieved under field conditions, it does not necessarily prove that
high pressures have been exerted between adjacent particles of the
aggregate or soil. " Any attempt to duplicate field conditions, by
compressing granular soil materials in a steel mold using a full
area load operates at a great mechanical disadvantage and requires
that very great pressures must be employed in order to overcome
the internal friction and thus to reproduce the field densitye
This is due to the fact that when under pressure from all sides
the particles are unable to shift or slide into the closest fitting
pattern. It may therefore be stated that density as an end product
of careful gradation and the close fitting of particles may have a
quite different significance when compared with an equal density
which has been developed as a result of heavy compaction pressures
which force particles into place.

If the resistance to displacement is influenced by friction
and the magnitude of frictional resistance depends upon pressure,
it then becomes clear that a granular mass forced into a certain
high degree of density by means of pressure alone will offer a much
greater resistance to displacement than will the same mass brought
to the same density by other means which involve less pressure.

The truth of this premise can be demonstrated by subjecting samples
of gravel and clay mixtures to various compaction techniques. It
will be found that many materials will have a greater resistance to

27~
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displacement when the specimens have been compacted by heavy
static pressure than will be the case when compacted by a series
of light loads applied over small areas of the specimen surface,
This latter action will permit the particles to move about until
maximum density is achieved without abnormal inter-particle
pressure. -

It is, of course, not a simple matter to manufacture a
soil test specimen in the form of a cylinder a few inches in
diameter which will reflect the same particle relationship in
the structure as is developed in the field by construction equip-
ment, Nevertheless, a close approximation can be obtained by a
species of kneading action which applies a moderate load to
only a small sector of the surface at a time while the balance
of the surface is unrestrained, If impact is eliminated it is
possible to duplicate field densities through the use of pres-
sures measuring from three to five hundred pounds per square inch
(which are not far beyond those normally employed in construction).
The validity of this assumption has been independently proven for
bituminous paving mixtures and for untreated soils and gravel
mixtures. Early attempts to correlate stabilometer test results
on core specimens cut from asphaltic pavements with identical
mixtures compacted in the laboratory indicated that considerable
discrepancy existed., A better correlation was secured when the
laboratory specimens were compacted in the manner indicated above
even though no consistent change in density was noted,

The tabulation in Figure 36 illustrates some of the dif-
ferences:-in resistance values which were found to exist in samples
of crusher run base taken from a section of roéad which was giving
evidence of distortion under moderate traffic. Attention is
directed to the marked differences between samples A-2 and A-3
(so far as resistance value is concerned) without any measurable
change in either moisture content or density. The value "R" equals
17 is consistent with the unstable condition observed., In contrast
specimen B was taken from a stable section. While the low moisture
content undoubtedly was partially responsible for the good condition,
this condition is reflected by the "R"™ value of 86.

Samples C-1 to C=6 illustrates the effects on the resistance
value "R" of variations in the amount of fine material and in the
corresponding moisture content egquivalent to saturation,

28
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TESTS ON MATERTAL FROM FAILED AREA

Tésf | Stabilometer | Moisture | Dry Density
Noa Description Value (R) | Content %| #/cu.ft.
Al Condition in place - 6.7 145
- A2 Compacted by method des-
cribed, Moisture and
grading as received 17 549 146
A3 Compacted by 2000#/sq.in.
static load. Moisture
and grading as received 75 5.9 146
TESTS ON MATERTIAL FROM UNFAILED AREA |
Test | | .Sﬁabiléﬁétéf Moisture Dry Density
Noe Description Value (R) | Content %| #/cu.ft,
Bl Condition in place - 3.7 149
B2 Compacted by method des- : ‘
eribed. Moisture as in ' ‘
place on road . 86 367 145

 "TESTS SHOWING VARTATION OF STABILOMETER VALUES WITH PERCENTAGE
PASSING 3/8" SIEVE

Moisture

Dry Density

Test % Passing Stabilometer

No. 3/8n Value (R) Content % /ecu,ft.
Cl 70 24 9.3 142
Cz2 60 2L 7.9 143
C3. 55 40 5.8 147
Chk 50 50 6.0 147
C5 45 75 543 148
cé 40 88 Le8 148.5

Fig. 36
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The initial state of compaction and density of the soil
is the result of energy applied from outside the material;
namely, by compaction equipment., The ultimate density after the
passage of time may be influenced by internal forces such as the
expansive action of certain soil material in the presence of
water, therefore, in the preparation of a truly representative
soll specimen we must first compact the material in a manner
which will reproduce the internal structure typical of the road-
bed immediately after construction. For most highway and airport
pavements it is then appropriate to assume that water will have
access to the basement soil and it is necessary to anticipate
the tendency of the soil to swell or expand to the extent that
may be expected in the field. The forces which tend to expand
the soil _during the absorption of water are not unlimited and
it follows that any expansion will be inhibited or counteracted
by opposing forces such as the weight of superimposed pavement
and base layers, If we can measure the amount of expansive
force which the soil will generate while soaking up water, it is
a simple matter to calculate the load which is equivalent to the .
expansion pressure, which in turn indicates the unit weight and
therefore, thickness of cover material required to prevent ex-
pansion beyond a certain pointe

The question of volume change or magnitude of linear exe
pansion of a soil is not in itself a serious matter and could
generally be ignored if it were not for the fact that expanded
801l has a larger void space and therefore, can take up more
water and as a consequence will be less stable and have a lower
capacity to sustain loads. A description of the essential equip-~
ment and the test procedures is set forth in Appendix I submitted
herewith. A typical compaction machine is illustrated together
with an apparatus for measuring the expansion pressure.

The foregoing comments on compaction procedure and the re-
ference to the swelling phenomena in soils are in accord with the
fundamental idea that the materials being tested in the laboratory
must be representative of the worst condition which will be typical
of the materials in place for a number of years after construction.
The Engineer should decide whether "worst condition" means saturated
or at a lesser moisture content. This means that the moisture
content and condition of the test specimen can and should be ad-
Justed to compensate for local conditions, rainfall, frost action,
drainage, etce

Having subjected the soil sample to a compaction process
that will develop the same sort of inter-structure as is typical
of soils compacted under construction equipment and having per-
mitted the sample to have access to moisture and the resultant
expansion pressure measured, the next step is the determination
of the "stability" or resistance value of the soil. The term
stability means the capacity to resist displacement and is the

-29.
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property which most’ Engineers”have in mind when speaking of support- -~
ing power or bearing value. The Stabilometer offers a means for
subjecting a sample of compacted soil or granular material to a

controlled test load with means for measuring the lateral pressure
generated. The Stabilometer, Figure 31, is probably familiar to

many Engineers. Variations of this instrument have been designated

as devices for measuring triaxial shear. The modifications of the

apparatus which have been used for triaxial testing, however, are

usually employed in a manner somewhat different from the Stabilo-

meter -test procedure. '

Compacted specimens are placed in the Stabilometer and sub-
jected to a vertical load reasonably typical of the service condi-
tions that are anticipated. The capacity of the soil mass to

- transmit pressure is measured in the Stabilometer and it is then
possible-to compare the ratio between the vertical applied pres-
sure and the horizontal transmitted pressure as indicated by the ex-
pression’R = (1 - P,/Py) x 100. See Appendix I,

-
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IV
DESIGN PROCEDURE

, An attempt was made in Chapter I to analyze the pavement
problem and to describe the component parts of an adequate pave-
ment design. -In part I B consideration was given to the intimate
circumstances surrounding the direction and pattern of particle
movement in a soil mass under loads Chapter II discussed certain
mathematical relationships between tire pressures, load areas and
frequency of load repetition as related to soil and pavement pro-
perties, Chapter III is confined to a discussion of the problem
surrounding the preparation and testing of representative soil
specimens, It is now necessary to indicate the manner in which
the formulas and test data can be utilized to provide an economical
and adequate structural design so far as the ability to support
loads is concerned.

- The formula at the.end of Chapter II represents the closest
agreement between the theoretical factors and the observed per-
formance and necessarily includes the expression (P V& log r) to
indicate the ultimate destructive effect of traffic. However,
1t will require further study and development to convert this
expression into a useful form which could be applied directly to
a known traffic distribution on an existing highway route.

In order to develop a design procedure that could be applied
to current data, the formula has been modified to accomodate
traffic values computed in terms of equivalent wheel loadss A
procedure for this computation was adopted by the California
Division of Highways and reported in California Highways and Public
Works, March, 1942, This article listed a group of 6 constants '
indicating the relative destructive effect of wheel load groups
ranging from 4,500 pounds to 9,500 pounds. A modification of this
method has been developed by Mra. A, M. Nash, Design Engineer, for
more convenient application to traffic census data. The procedure
consists of summarizing the accumulative destructive effect of the
anticipated traffic by means of constants applied to the current
traffic count and it is necessary that the traffic census be
secured in sufficient detail to indicate the typical distribution
pattern of the various truck types. Having found that the traffic
on a certain road follows a fairly constant pattern so far as the
number of each type of vehicle is concerned, it has also been
established that in the over-all pattern each typical vehicle of
a certain type could be expected to carry a certain wheel load.

‘From these data, constants were developed for each type of com-

mercial vehicle dependent upon the number of axles and having in-
formation on the relative percentage of each type on a given road,
it is then a simple calculation to summarize the total into the
equivalent wheel load repetitions which are based upon a standard
load of 5,000 pounds,
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‘The.féilbwing tabulation will give an example of the con-
stants used and the results of the calculation applied to a
typical traffic census of the commercial wehicles.

SAMPLE CALCULATION

No. - | EWL Current Average Daily Product of

Axles Constants - comm. vehicles Columns 2 & 3
2 300 77k 232,200

3 © 700 : - 212 148,400

3 1,400 . - 68 95,200

5 2,100 118 217,800

6 1,600 | 112 179,200

Total Annual Design EWL Repetitions 902,800

Assuming an anticipated increase in commercial traffic of

say 50% during the ten years following construction, the total

wheel load repetitions at the end of ten years will egual
10 x 902,800 x 1%1.5 or 11.3 million. The EWL constants contain
2

all of the factors involved'and the foregoing represents the
value to be used in design without further modification.

'The final value derived by the above calculation may then
be used in the thickness design formula by substituting .12 log EWL
for (.02 p V& log r)e . :

 Havihg'thus secured a usable traffic factor for the parti-"

cular highway to be -designed, it is then only necessary to know the
resistance value or rating of the underlying basement soil and the
cohesiometer rating for bituminous pavements or the modulus of
rupture value of  the base and surface combination when rigid types
are -concerned, =

VfThe priﬁciples involved in‘preparing a satisfactory speci-
men were discussed in Chapter IIIL and the details of a test proce-
dure is described in Appendix I, together with a typical example.

‘Briefly, test specimens are prepared under a type of com-
paction apparatus and a magnitude of load typical of common con-
struction practice, Trial test specimens are prepared at different
degrees of density, each saturated with water, and obviously, the
amount of water required to produce saturation will vary inversely

according to the amount of compaction or density achieveds

ChhPDF -1

“After ﬁest specimens have been prepared representing three
different states of density and moisture content, they are placed
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in an apparatus for measuring expansion pressure and the load re-
quired to regtrain expansion is noted in each case. In virtually
all cases, the expansive force is greater with the denser speci-
mens of relatively low moisture content. The less dense speci-
mens, having the voids filled with water, have a reduced capacity
for further expansion. However, as the initial compaction is re-
duced and the amount of water included in the specimen is increased,
the ability to sustain loads is usually diminished,

After the samples have registered the potential expansive
force, Stabilometer tests are performed in order to determine
the relative resistance value under the three different states
of moisture and compaction. As the amount of protecting cover
(which may include subbase, base and pavement) will not be known
until after the resistance value has been calculated, the final
solution will require the plotting of two curves as the most
simple means to determine the thickness and strength of cover
material that will satisf'y the conditions for both problem
one and problem two as stated in chart, Figure 1.

After the resistance value for the layer (basement soil,
subbase or base course) has been determined from the Stabilometer
tests, the necessary cover thickness to prevent plastic flow is
estimated by means of chart Figure IV of Appendix I. These values
are noted for the appropriate EWL values representing the weight
of traffic and for the type of pavement or base construction con-
templated. These values are used to complete the curve as shown
in Figure V of the Appendix in order to determine the point at
which the thickness of pavement required to support traffic is also
sufficient in weight to restrain any further expansion of the soil
édnd thus will insure that the moisture content of the underlying
layer cannot exceed the condition indicated.

A few comments on the significance of the values shown in
Appendix I, Figure IV may be in order. Several more or less ela-
borate versions of this chart have been prepared (for. example see
Figure 33}. It is desired to point out that the Cohesiometer values
shown on Scale D for the several types of pavement and base con-
struction illustrated are only broad approximations of the material
in place on the road. A certain amount of judgment must be exer-
cised, however, in utilizing these apparently simple numerical values,
as for example, there can be no completely accurate comparison estab-
lished between the tensile strength or Cohesiometer value of such
distinctly different materials as asphaltic concrete and portland
cement concrete. The effective tensile strength of a bituminous
pavement will vary markedly with time, temperature, speed of traffic,
grade of asphalt and density of the pavement.

While there is an arbitrary relationship indicated on the

chart Scale D between Cohesiometer values and the modulus of ruptures
this parallel exists only where rigid materials such as concrete or
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cement treated bases are concerned. The Hodulus of rupture
concept is not applicable to ductile materials such as asphalt
paving test spe01mens.

For standing loads, bituminous mixtures have but little
more capacity to support loads than the same thickness of un-
treated crushed stone. For rapidly moving traffic, however,
this resistance may show a really tremendous increase. Therefore,
the relative strength values shown on Scale D, Figure IV can only
be assumed to be wvalid for'normal highway speeds.

In view of the variations which exist with the range
covered by each type of construction material, it is not
necessary or practicable to test each particular design for use,
instead average values have been assumed, based upon tests per-
formed on specimens taken from the roadway and these values are

‘"not properly indicated by tests made upon laboratory specimens

which have not been subjected to the same conditioning of time
and traffice

It is believed that the foregoing presentation has recog-
nized or at least mentioned most of the important factors which
bear directly or have an influence on the problem of pavement
design. As a satlsfactory pavement must have a number of properties
or characteristics, it is impossible to cover all by a single test
procedure or by a single criterion of design. It is hoped that
the testing procedures and the design formulas herein set forth
will make it possible to apply a reasonably uniform and common
technique in the attack on the problem of structural design in
order to provide a sufficient thickness and strength of pavement
which will sustain traffic loads without excessive deformation
of the underlying layers by plastic flow, -

The question of fatigue action caused by the flexing of
more or less rigid slabs over resilient foundations or over
foundations which do not offer uniform support because of loss

of materials by pumping action, non-uniform settlement, et cetera,

are not considered a part of this problem. Adequate protection
against failures of this latter type must be achieved from a solu-~
tion to the problem designated as number three in the initial chart.

“A satisfactory answer to this problem must be sought through other
© avenues and through the utlllzatlon of other methods of testing and

design.

— "It is d351red to acknowledge the contribution of the many
individuals who have either partlclpated directly in the development
work or have assisted by helpful advice and criticism.
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The work has been carried out in the laboratog of the
California Division of Highways under G, T. McCoy, gate Highway

Engineer, and T. E. Stanton, Materials and Research Engineer.
The necessary test data were obtained from two test tracks one
constructed by the Division of Highways and one by the Corps of
Engineers in Stockton, California.

It is desired to acknowledge the assistance of Ernest
Zube who was in charge of the testing and recording of observa-
tions of the test track; to George Sherman who assisted in the
compilation of data; to Mr. D. J. Steele and Walter Liddle of the
Public Roads Administration who gave much valuable assistance and
advice, to Dr. K. P. Krynine who read the manuscript and offered
many suggestions and constructive criticism and to many others too
numerous to mention by name.
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. - | | ~ APPENDIX I

DESCRIPTION OF THE METHOD USED IN TESTING SOILS
BY MEANS OF THE HVEEM STABTLOMETER AND EXPANSION
PRESSURE APPARATUS :

Apparatus

ls Hveem Stabilometer, Figure I

2s One special compacting apparatus to produce
"Kneading™ action, Figure II

3« Compression Testing Machine, minimum capacity
20,000 pounds -

4o Three molds 4" inside diameter, 5" long

5 Three units, expansion pressure testing appara-
tus, Figure III

6o One hot plate and pan filled with paraffin

7s One set of scales suitable for weighing speci-

mens in air and water

Procedure

All testing of soils for both plastic flow and expansion
pressure is carried out when the compacted soil test specimen is
in a saturated condition. Soil material used is restricted to
the portion passing the 3/4" sieve.* '

A sufficient amount of the minus 3/L" material to form a
compacted specimen 2-1/2" high by 4" in diameter is mixed with
slightly more water than is expected to produce saturation after
compaction. The soil is then compacted in the special compacting
apparatus shown in Figure IT. This compactor consolidates the
material without depending upon straight compression or damaging
impact, but rather by a series of individual impressions made with
a roving ram having a face shaped as a sector of a 4" diameter
circle, This small size ram or tamping foot develops a definite
kneading action, simulating that given to the road by rollers or by
rubber-tired traffic. Compaction is achieved by 100 applications of the

*It is assumed that upon this part depends the resistance to
plastic flow and the expansion pressure exerted, that all stones

- larger than 3/4" are floating in a matrix of the passing 3/4" and
are not sufficient in quantity to greatly affect the plasticity or
expansion pressure of the entire mass.

le
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amping foot applied each time to a different sector of approxi-

mately 3-1/2 square inches., At each application, pressure in-
. ereases gradually to a maximum .of 350 pounds per square inch,

After removing from the compactor, the specimen is subjected to

- a pressure of 500 pounds per square inch over the whole of the

area. (At this point water should be exuded from the soil as

| " evidence that enough moisture is present to produce saturation).

Two more specimens containing greater amounts of water (with

. correspondingly lower density) are similarly molded but with less

‘compactive effort and, after allowing sufficient time for any re-
bound, the three are placed in an expansion pressure testing

.apparatus where the variation in expansive force exerted by

swelling under water is determined for the three different
initial conditions of moisture and density.:

Thgrexpansion-pfeséufewﬁeétiﬁgrépparatus, as shown in
Figure III, is a device in which the compacted soil specimen is
confined under a perforated -disc covered with water and the

- pressure exerted by -the soil at the point of incipient expansion

is measured by means of a mechanism similar to a proving ringe.

- A total force of 6-1/4 pounds or a pressure of .5 pound per square

inch requires only ,001" movement in order to register on the gauge!
therefore, the pressure is measured at virtually constant volume.

' After 24 hours in the expansion pressure apparatus, the
final pressures are recorded, the specimens removed and tested
in the stabilometer, : : -

- The ‘stabilometer is shown in Figure I, It is an instru-
ment for subjecting a-2-1/2" x 4" diameter specimen to triaxial

- compression., Base and subgrade soils are evaluated according to

ChhPDFE -w

the expression - - - . o .
.+ LR =1 - Pp/Py) 100
.., Where R = Resistance value of the material tested
<« Py = the applied vertical pressure (typically 160#/sq.in.)
- Pp = .the transmitted horizontal pressure (stabilometer
se il s reading) e ‘

Theorefically this expression is directly proportional to
the maximum shearing stress divided by the major principal stress.
It has been found by correlation of field and experimental data,that,
other things being equal, the thickness of cover* required over the

*Cover material: includes  all layers above the soil in question. For
example, "cover" may include subbase, base and surface courses when
the basement soil is being considered, "Cover" would include only
base and surface when the subbase material is being tested.
Similarly when the base is being evaluated, "cover® would mean the
bituminous surface or pavement alone,

. J
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Speclal compacting apparatus
which compacts with a slight
kneading action simulating
that of rollers and rubber-
tired traffic.

www . fastio.com

Figure I

Hveem Stabllometer which
measures the transmitted

pressure.

Figure TII

Expansion Pregsure apparstus
which measures the pressure
generated by swelling solls
when held at practically
constant volume in contact
wlth water.

horizontal pressure rssult-
Ing from an applied vertical


http://www.fastio.com/

C

IhPDF -


http://www.fastio.com/

- )  soil layers tested is a linear function of this expression when
. the valve is measured at the equilibrium condition of moisture
and density for the soil in place, . =~ .

After the stabilometer test is completed, the briquette is
broken in half and one part used for density determinations (by
coating with paraffin and weighing in air and in water) and the
other half is used for a moisture determination.

Having determined the "R" values and expansion pressures of
the underlying soil for the several states of moisture and density
and knowing the estimated traffic and type of surfacing to be used,
the design thickness of cover is evaluated as follows:

First, by means of Figure IV the thicknesses of cover neces-
sary to prevent plastic flow of the underlying soil for the several
states of saturated moisture conditions are determined, Second,
the thicknesses or weights of cover material necessary to restrain
this soil (by prevénting expansion and thus maintaining it in the
several states of moisture and density) are calculated from the
expansion pressures. From the two relationships, a balance point
may be selected in which the thickness of cover material is suffi-
cient to prevent plastic flow under a given weight of traffic for a
certain moisture density condition, and this cover is also of
sufficient weight to counterbalance the expansion pressure exerted
by the foundation soil (or any éther layer) for the same moisture
and density condition. S : -

The procedure may be illustrated by the following example:

Tt is desired to determine the necessary thickness of
crusher run base and AC surfacing to be placed over a given subbase*
in order to support fairly heavy commercial traffiec (whieh has been
calculated as being equal to Traffic Index - & on Scale B, Figure IV)dsk

*The same procedure would be followed in estimating the total
thickness required over the underlying basement soil, embankment
arin cut sectionss ‘

**Traffic Index of 8 on Scale B represents 3,500,000 equivalent
5000# wheel load for the life of the road calculated from a traffic
count according to the method described in California Highways and

. Public Works, November 1941,

-3
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The results of tests on the saturated specimens of subbase

material are shown in the following table:
a | b c d e f
Specimen Condition . Necessary Necessary
When Tested Cover Cover
Sub~ ‘ Dry Thickness  Exp, Thickness
base Moist. Density ‘Resistance (To Support Pres, {(To Restrain
Spec % #/Cu.Ft. Value (R) Traffic) #/sq.in Expansion)
A 12.2  .120,5 23 14.5 2 2.7
B 1l.5 - 122.5 35 1240 ol Daly
C 10.8 124.0 57 745 28 10,

Following the resistance values, Column c, which were deter-
mined by means of the stabilometer, Column d shows the thickness of
base and AC surface {Cohesiometer Value = 500) required for heavy
traffic, when the subbase is in the condition indicated in Columns
a and b, Pavement and base thickness values are determined by means
of Figure IV,

Values are shown in Column £ for the thickness of base and sur-
face (based on 130#per cu.ft.) that would be necessary to counteract
the expansion pressure and, thus, maintain the subbase at the corres-
ponding density and moisture content even in the presence of free
water. - ..

Plotting these two sets of thickness values against moisture
content, Figure V, Curve (d) shows the thickness of base and surface
necessary to protect the subbase against failure under traffic by
plastic flow and another curve (f) shows the thickness necessary to
counteract the expansion pressure and, thus, prevent the subbase
from taking up more water. The ordinate at the intersection peoint
of these curves then shows the most economical design thickness that
will keep the subbase from expanding and absorbing additional moisture
and will also protect the subbase from failure under traffic due to
plastic flow, The abscissa shows the maximum gmount of molsture that
the soil may be expected to absorb when confined by the weight of

this thickness of cover.

If the base material 1s questionable; the same procedure may
be repeated, treating the base as the soil in question and the sur-
face as the cover.

Should the expansion pressures be negligible, then the thick-
ness would be determined by the resistance value at the degree of

compaction which could be expected under field conditions, This de-
gree of compaction can not be indicated by "density" determinationsas

-
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'~1'.','[ o i .." | |  APPENDIX II

DEVELOPMENT OF A FORMULA FOR CALCULATING
THE MOST PROBABLE PLANES OF PLASTIC SLIP
. UNDER CONDITION OF REPEATED LOADING.

Failures of surfaces due to plastic movement of the sub-
grades occur under loads of a magnitude far less than a load
which will cause stresses equal to the total frictional and
cohesive resistance of the supporting soil. Accompanying de-
deflections under loads causing ultimate failure are likewise
small, Tests on experimental sections of flexible surfaces
subjected to traffic (Brighton Test Track and Stockton Test
Track) show that for a single-tired moving wheel of 6,000
pounds on a section which failed completely in less than
10,000 trips, the maximum initial deflection at the surface was
only about .05 inches*; and for a single-tired moving wheel
load of 40,000 pounds on a section which later failed com-
pletely with less than 10,000 repetitions of this load, the
maximum initial deflection was about «15 inches.?

Under these small movements it 1is evident that, although
the road is falling gradually under many load repetitions, at
any one load application, the stresses are not sufficient to
overcome the ultimate frictional and cohesive resistance of the
sail. ! N )

To analyze the failure, it is necessary to compare the
stresses with the strengths of all planes through the various
points in the stressed soil and then determine along which planes
the material is most likely to slip.

. It has been common practice when dealing with statie or
fixed loads, such as are associated with embankments and re-
taining walls, to consider that the most dangerous plane at any
point is where the difference between strength and stress is a
minimum. In our case of repeated loading, a consideration of
probabilities immediately tells us this would not be applicable,
For example, it would mean that should the material be stressed
to 5 psi. where the ultimate strength is 10 psi it would be
as likely to plastic movement as when stressed to 95 psi where
the ultimate strength is 100 psi. '

1Brighton Test Track, 1940
25tockton Test Track, 1942
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Let us, therefore, stéte the following hypothesis of
plastic movement under a repeated load: "The most probable
plane of maximum plastic shearing strain will be that plane on
which the stress is the greatest percentage of the ultimate
strength; which may be expressed as a linear function of the
unit eochesion, angle of friction, and normal pressure."

o Let the diagram, Figure (a), re- *”7
present any point in the soil within
the influence of the wheel load. The
plane of the paper is at right angles
to the line of traffics. ¢7 and

¢z . represent the major and minor 5
principal stresses,. respectively, \\\
and we denote by P« and S« the nor- “y
mal and shearing stresses respectively, :
upon any plane through the point parallel - -
to the line of traffic and making an
angle . with the direction of @z ?

.
Then: : o o Fl._g (a)

a; + Jds I — O

= Tt T
S = .?._7__2*':-_& Sin 24 (2)

Assuming that the ultimate shearlng resistance may be
expressed by the linear function C # Pat Tan &, then by our
hypothesis the angle of most probable plastic movement will
be where _ St is a maximum (3)

. C CFpx Tan

By substituting (1) and (2) into (3), differentiating,

equating to zero and solving for « , the follow1ng formula is

Cos 24 (1)

obtalned
o T3 —
Cose 5 o = e (4)
" - ==+ O] + O
’ . le’lﬂ 1+ 0>

: Where a( is the angle of the most probable plane of
plastlc Sllp. :

Had we used the crlterlon that the difference between

the stress and strength ( €+ px Tau F~S) be a minimum,
then by the same operations we would have obtained the familiar

expression o/ = g5+ &
. : ‘ 2
(5)

Equatlon {4} and (5) become identical when the shearing
stress equals the ultimate shearing resistances In (4) '

-2
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' approaches 45° when ¢ is large compared to Tan £. In (5)
t equals 45° when ¢ = o

APPLICATION TO THE CASE OF A STRIP LOADING

Adding the stresses due to the weight of the soil to
those due to the strip loading* by the method of superposition,
we obtain the following formulas for the vertical, horizontal,
and shear stresses, respectively.

%G = £ [#+Sindc 0528 |+ 24 g"_‘gsi'g % Cass)

| F e
Ix = -2 [4-Sinblss2 B |» 2528 (35 4)) |
Tre=<2(Sindsinzg) prrzz7z72,

‘ | Cg=Umt Loat!
| 1=8-6, (See fig b)
28=-6+6; (See F19 b) 0
&= it Welgh? of Soil iy b) .
- Gg=lWidth of Loaded Area 9o
- Forssom’s fatio assumred =.25

From equations (6) we obtain the following values far \
the major and minor principal stresses: :

_l @[y 7w a(css28+Cos8)
Jf“?“* S 5/n

+ VS b+ wa Cos Zﬂ@tstﬂ{- @5.»91‘ T wia Z(Ca-sgz:?-l- C«s—s;’.r)" ]

o= - % 4 Twallss2Bs (r53) R U
2“77[’” 3q 5in ¢ (7)

= VSin? 8+7wa Cos 28 (Cos28+4 stﬁr zéxzaz@fs2ﬂ *+ Cos 4 )*

*For treatment of strip loading see o
Terzaghi, Theo, Soil Mech,, 1911,3, Page 377,
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fid the principal directions are fourid-ffom the equation

Jarm 26 = - An—
) T g (CaE28 + Cos ¥
- C‘as%ér’ + ) 5,? 5/{7_2 Z

where & = the a:nglé"'inéde. wﬂ;h the ‘vertical,

- Substituting the /‘:'r'»éi_iue‘s ‘for J; and ¢ equations (7)
into equation{4), werobtain the equation

@ firwa.:é'b:-sQﬂ (Cos2f+4) + 7w a" (Cos 2B+Css )™

v.Sﬁ‘,;},* B+ 3¢ J @ Sirn*4

Los g = TEC 4 Twa (Cos387 Casd)
. : g '7Em¢:. LA 3g Sy 4

 from which® we'can determine the directions of the surfaces of
‘most probable slip. <¢'is the angle made with the principal
directions. o'+ @~ 90 will be the angle made with the verti-

- Figure 23 shows the pattern of slip surfaces for a wheel

load of \-apprgg;%mately 67,000 pounds over a soil having little

cohé"s‘i{o-n""(m—;—= o 5,‘,‘ Figure 24 shows the same except

that the wéight’of the soil has been neglected. Figures 24, 25

- and 26 show the patterns of-slip surfaces for different values

b
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